Severe traumatic brain injury (TBI) often leads to deficits in physiological arousal and empathy, which are thought to be linked. This study examined whether injury-related brain volume loss in key limbic system structures is associated with these deficits. Twenty-four adults with TBI and 24 matched Controls underwent MRI scans to establish grey matter volumes in the amygdala, thalamus, and hippocampus. EEG and skin conductance levels were recorded to index basal physiological arousal. Self-report emotional empathy levels were also assessed. The TBI group had reduced brain volumes, topographic alpha differences, and lower emotional empathy compared to Controls. Regional brain volumes were differentially correlated to arousal and self-report empathy. Importantly, lower volume in pertinent brain structures correlated with lower empathy, for participants with and without TBI. Overall we provide new insights into empathic processes after TBI and their relationship to brain volume loss.
Introduction
Severe traumatic brain injury (TBI) results from acceleration-deceleration forces (often sustained in motor vehicle accidents, falls and assault) and leads to heterogeneous effects on the brain, with a preponderance of multifocal lesions in the lateral, anterior and ventral surfaces of the frontal and temporal lobes, and diffuse axonal damage (Bigler, 2007; Leunissen et al., 2014) . Atrophy leading to volume loss generally begins in the months following injury and may continue for up to four years (Bigler, 2007) . Consequently, the volume of these structures may provide a useful index of the extent of damage caused by TBI and serve as a predictor of clinical outcomes for TBI patients (Fearing et al., 2008) .
TBI is often characterised by emotional changes, reduced behavioural regulation and impaired social function. In particular, around two thirds of patients with severe TBI self-report low empathy (de Sousa et al., 2010; Williams and Wood, 2010; Wood and Williams, 2008) . Empathy is characterised by both cognitive and emotional components, which must function together in a relational and flexible manner in order for effective empathic responding to occur (Beadle et al., 2013; Driscoll et al., 2012) . The cognitive component reflects our ability to represent and understand another person's mental state or perspective (Schnell et al., 2011) . The emotional, or affective, component encompasses the ability to recognize and share another's emotional state, to distinguish between one's own and others' feelings, and regulate emotion effectively (Beadle et al., 2013; Driscoll et al., 2012) . While cognitive and affective empathic processes interact, they appear to rely on at least partially distinct neural networks that can each be individually impaired by brain damage (Leigh et al., 2013) . Affective empathy, in particular, is frequently associated with frontotemporal structures, particularly on the right hemisphere (Perry et al., 2001; Rankin et al., 2006) .
Related to disorders of affective empathy is the finding that around two thirds of people with severe TBI experience deficits in arousal and emotional responsivity which are manifested both physiologically and behaviourally (de Sousa et al., 2012; Leunissen et al., 2014; Rushby et al., 2013a Rushby et al., , 2013b . A number of physiological measures have been used to examine affective arousal, particularly skin conductance level (SCL) and electroencephalographic (EEG) alpha activity, the latter being an index of neural activity during rest. Previous research has demonstrated an inverse relationship between lower SCL and higher alpha magnitude in normal adults, such that EEG systematically varies under low stimulation (e.g. when eyes are closed SCL is low and alpha is high) versus greater stimulation (e.g. when eyes are open SCL is high and alpha is suppressed) (Barry et al., 2005 (Barry et al., , 2007 (Barry et al., , 2008 . Barry et al. (2007) argued that the inverse relationship between alpha and SCL reflects a stable measure of arousal in healthy populations. Rushby et al. (2013a) examined this relationship in participants with severe TBI. Relative to controls, the TBI group displayed lower amplitudes in both measures. Blunted alpha changes were largest in lateral-temporal regions, regions typically associated with TBI damage. A follow up study investigated levels of arousal during an emotion processing task, as well as whether disturbances in either process was related to atrophy of structures in the brain following TBI (Fisher et al., 2015) . TBI participants showed this hypoarousal (i.e., blunted alpha change) in an emotional context, but only the control group showed a relationship with brain volume, such that larger left insula and right amygdala correlated positively with responsivity of alpha to task demands. Both structures uniquely contributed to variance in alpha. Although empathy was not examined in those papers, other research suggests that physiological hypoarousal may contribute to a reduced capacity to understand others' feelings, thoughts, and intentions in individuals with TBI (de Sousa et al., 2012; Leigh et al., 2013; Rushby et al., 2013b) . The following study was designed to examine the inter-relationship between low empathy and arousal and loss of volume in relevant brain structures following TBI.
A useful framework for considering the neural processes underpinning affective empathy arises from the work of Phillips et al. (2003) who proposed two separate neural processing streams underlying emotion perception. The first is the ventral stream which mediates autonomic arousal and facilitates early rapid appraisal of emotional stimuli. This appraisal is relayed via the thalamus and the amygdala to the ventromedial prefrontal cortex, insula and ventral anterior cingulate. The second is the dorsal stream, which mediates slower effortful processing of these stimuli via the dorsal anterior cingulate gyrus, dorsolateral prefrontal cortex and hippocampus. This stream engages cognitive processes, such as memory, as well as the regulation of affective states. These streams are highly interactive and have reciprocal functional influences. Of these structures, the amygdala, thalamus and hippocampus are of particular relevance to the current study, as all are known to be highly vulnerable to TBI and are also implicated in empathy. Specifically, the amygdala and thalamus are likely to have a direct role in mediating arousal while the hippocampus is implicated in the cognitive regulation of empathic responses.
The amygdala has traditionally been associated with the processing of emotionally salient stimuli and has been suggested to play a role in affective empathy (Fisher et al., 2015; Leigh et al., 2013; Rankin et al., 2006) . Furthermore, since the amygdala mediates autonomic responses to emotional stimuli, damage to this structure is likely to be accompanied by abnormalities in arousal and responsivity to such stimuli (Fisher et al., 2015; Newsome et al., 2013) . Amygdala volume correlates positively with both skin conductance levels (Williams et al., 2001 ) and alpha power (Fisher et al., 2015) . The thalamus has been similarly implicated in the mediation of arousal. It has a strong influence on cortical EEG activity (Detari, 2000) . Specific nuclei of the thalamus are thought to relay processed sensory information involving affective prosody and emotional facial expressions to the cortex (Leigh et al., 2013; Neumann et al., 2012) . TBI is often associated with a significant reduction in thalamic volume, and since there are multiple projections from the thalamus to other structures, damage to the thalamus may globally affect a range of activities and account for a large proportion of the morbidity of TBI (Little et al., 2010; Neumann et al., 2012) .
The hippocampus is rarely examined in empathy research. However, its role in declarative memory suggests that it is likely to play a role in the cognitive processes associated with affective empathy (Beadle et al., 2013; Kumaran and Maguire, 2005) such as self-reflection of past and present empathic abilities. Declarative memory supports the flexible expression of memories, which allows the application of prior learning to novel situations (Beadle et al., 2013) . The hippocampus is essential in constructing, manipulating and updating information in order to respond appropriately to the task at hand (Rubin et al., 2014) . Damage to this structure can significantly impair the ability to acquire and update new social information, (Beadle et al., 2013; Tate and Bigler, 2000) . Hippocampal damage may also result in inflexible and maladaptive behaviour, when such behaviour places high demands on the generation, recombination and flexible use of information (Rubin et al., 2014) .
In sum, atrophy of the amygdala and thalamus may be critical in determining the extent of deficits in both arousal and empathy in patients with TBI while the hippocampus may have a role limited to the cognitive appraisal of empathic abilities. Extending upon the results of our previous research (Fisher et al., 2015; Rushby et al., 2013a Rushby et al., , 2013b , the current study examined the degree of correspondence between measures of physiological arousal (SCL and alpha power) and self-reported emotional empathy, with atrophy in the amygdala and thalamus representing two primary ventral-stream structures. Examination of the hippocampus was included to assess correspondence between cognitive appraisal of empathy and atrophy in dorsal-stream structures. It was hypothesised that participants with TBI would self-report lower affective empathy levels than controls. It was further hypothesised that TBI participants would have significant atrophy in the bilateral amygdalae, hippocampi, and thalami, and deficits in resting arousal, reflected by lower SCL and elevated alpha power in temporal brain regions in comparison to healthy controls. Relationships between brain volume and arousal were expected for the ventral-stream structures (amygdalae and thalami volume), but not the dorsal-stream structure (hippocampi). Furthermore, self-reported affective empathy scores were predicted to correlate with brain volumes, specifically of the amygdalae, thalami and hippocampi.
Methods and materials

Participants
Participants included 24 adults (19 males) with a severe TBI of mean age 43.3 years (SD = 14.96) with 12.5 years of education, on average (SD = 2.99). Participants were recruited from the outpatient records of three metropolitan brain injury units in Sydney, who met the following inclusion criteria: they had sustained a severe brain injury resulting in altered consciousness of one day or greater, were discharged from hospital and living in the community, and had functional English.
The mean length of posttraumatic amnesia (PTA) was 59.63 days (SD = 47.72 ) and all participants were tested at least one year post-injury (M = 12.63 years, SD = 8.81). Cause of injury included motor car or bike accidents (n = 13, 54.8%), falls (n = 9, 37.5%), and assault (n = 2, 8.3%). Computerised tomography (CT) and magnetic resonance imaging (MRI) scans made for clinical purposes revealed that participants' injuries were left hemisphere-focused (n = 7, 29.2%), right-hemisphere-focused (n = 5, 20.8%), or bilateral (n = 4, 16.7%). For the remaining participants (n = 8, 33.3%), original (immediately post injury) scan readings were either unavailable (n = 2, 8.3%) or did not identify the injury site in a way that it could be characterised in terms of hemispheric focus (n = 6, 25.0%).
For the control group, 24 age-and gender-matched (p N 0.05) adults (20 males) without brain injuries were recruited from the general community via advertisements online and through local community groups (e.g., libraries, churches). This control group had a mean age of 42.4 years (SD = 14.9) and 14.7 years of education, on average (SD = 3.12). The TBI and control groups did not differ significantly with respect to gender distribution, age or education. Most participants (n = 33) included in the present study also participated in our previous study on arousal and EEG (Fisher et al., 2015) .
All participants completed a screening questionnaire and were excluded if they had: uncorrected hearing or vision loss, a current diagnosed drug and/or alcohol addiction, active psychosis or were receiving treatment for a psychiatric condition, dementia or other neurodegenerative disease, aphasia, agnosia, or profound amnesia. All participants were requested not to ingest any caffeine for 2 h prior to collecting the physiological measures (skin conductance and EEG alpha power), as this has been shown to affect arousal (Barry et al., 2005 (Barry et al., , 2008 . Ethics approval was obtained through the Human Research Ethics Advisory Panel (HREAP reference 103-049) at the University of New South Wales.
Procedure
This study comprised two parts, completed over one or two testing sessions. Upon commencing the (first) testing session participants were provided with an information sheet, provided written consent, and completed an MRI safety screening questionnaire along with the self-report questionnaires. For the MRI scan, participants followed standard scanning protocols and were instructed to lie with their eyes-open or closed as preferred.
Following their scan, participants were taken to the EEG laboratory where they were fitted with the SCL and EEG measurement equipment, seated approximately 60 cm from the computer screen, and instructed to keep their eyes fixated on the monitor in front of them. To ensure that participants were relaxed when recording commenced, they were asked to sit calmly for ten minutes and were provided with magazines during this time. Immediately prior to commencing recording, participants were asked to minimise their movement, and to remain as relaxed as possible. To establish resting physiological arousal, participants were instructed to close their eyes when they heard a tone and keep them closed until they heard a second tone (both 3 s duration 1000 Hz tones). During this time SCL and scalp-wide EEG alpha power were recorded simultaneously.
Materials
Two self-report questionnaires, described below, were used to assess affective empathy.
Balanced Emotional Empathy Scale (BEES) (Mehrabian, 2000) . The 30-item BEES provides a measure of an individual's ability to empathise with another's emotional experiences (i.e., affective empathy), and has good reliability (α = 0.87) (Mehrabian, 2000) . It has been used with a range of clinical populations, including TBI (de Sousa et al., 2010 (de Sousa et al., , 2012 Williams and Wood, 2010; Wood and Williams, 2008) . Responses are rated on a nine-point Likert scale, ranging from + 4 (very strong agreement) to − 4 (very strong disagreement). Higher scores indicate greater levels of emotional empathy.
Interpersonal Reactivity Index (IRI) (Davis, 1980) . The 28-item IRI comprises four seven-item subscales, which assess different processes underlying empathy: perspective-taking and fantasy items are thought to reflect one's ability to understand another person's thoughts or point-of-view, i.e., cognitive empathy; whereas empathic concern (ECS) and personal distress (PDS) are proposed to reflect one's ability to feel compassion or distress for, and thereby understand another's emotional state, i.e., affective empathy. Only the two affective empathy subscales are reported in this study. All responses are rated on a five-point Likert scale from 0 (does not describe me well) to 4 (describes me very well) and show acceptable to good reliability (α = 0.68-0.79) (Davis, 1980) . While higher scores reflect greater levels of each corresponding construct, the PDS has been shown to be negatively correlated with the ECS (D 'Orazio, 2004; Davis, 1980 Davis, , 1983 . Consequently the two subscales were reported separately.
Data acquisition and processing
Physiological data
Skin conductance level (SCL) was recorded via Ag/AgCl electrodes strapped to the distal volar surface of the index and fourth fingers of the non-dominant hand. SCLs were acquired continuously throughout the experiment using BioGraph Infiniti Software (Thought Technology Ltd., Quebec, Canada) at a sampling rate of 256 Hz, connected to a PC and triggered manually by the experimenter. SCL was calibrated before each session to detect activity in the range of 0-30 μS.
A PC-based digital signal-processing hardware and software package from Neuroscan was used for the acquisition of EEG data (Compumedics, Acquire Version 4.5). Continuous EEG was recorded from 64 scalp sites using the Neuroscan Quick-cap, sampled at 1000 Hz, referenced to the nose and grounded by the cap electrode. Vertical eye movement (vEOG) was monitored with tin cup electrodes placed 2 cm above and below the left eye. Horizontal eye movement (hEOG) was monitored with tin cup electrodes placed on the outer canthus of each eye. The maximum impedance was always b5 kΩ for cap and EOG electrodes.
Continuous EEG data were segmented offline using Neuroscan Edit software (Compumedics 4.5). A 2 min segment was epoched into contiguous periods of 1000 ms, and the data were resampled to 1024 Hz. Epochs in which EEG amplitude exceeded ± 100 μV or contained ocular artefacts were rejected. For each subject, average power spectrum was calculated using Fast Fourier Transforms with a 10% Welch window. At each electrode, absolute power alpha (8-12 Hz) band was calculated. Mean SCL was calculated for the same 2 min period.
Brain volume data
Participants were scanned on a Phillips Achieva 3T TX scanner. Two sets of structural brain images were acquired using the following sequences with a standard 8-channel head coil: 3D highresolution TFE T1 volume utilising an inversion pre-pulse at shot interval of 1800 ms (TR/TE/FL: 6.4/2.8/8 ms; flip angle: 8°; 1 mm isotropic voxel size, 200 coronal slices; field of view 256).
Prior to the analyses, the two T1 volumes were merged and averaged to increase the signal to noise ratio and the grey matter-white matter contrasts. Total brain tissue volume, normalised for subject head size, was estimated with SIENAX (Smith et al., 2002) , part of FMRIBs Software Library V-4.1.9 (Smith et al., 2004) . Automated segmentation of the amygdalae, thalami, and hippocampi were performed to obtain volume estimates of each structure in mm 3 using
FIRST from FSL (Kumaran and Maguire, 2005; Rubin et al., 2014) . Analysis was then performed to observe local shape differences on a per-vertex basis between TBIs and Controls using FIRST. Manual assessment was performed after segmentation to ensure it was correct but no manual adjustments were necessary. In order to demonstrate the correspondence for the automated segmentation output, Fig. 1 presents the T1 images from three participants with TBI with their FIRST output overlaid in colour (green = thalamus, blue = hippocampus, red = amygdala).
Statistical analyses
A series of independent sample t-tests analysed differences in self-reported empathy, brain volume (bilateral amygdalae, thalami, hippocampi) and SCL, as a function of group (TBI vs. Control).
The topographic distribution of alpha power was examined with a mixed-measures MANOVA, with a between factor of group (CTL vs. Planned contrasts compared frontal (F) and parietal (P) sites, and central (C) sites to the fronto-parietal (F/P) mean along the sagittal plane. Similarly in the lateral plane, the left (L) and right (R) hemispheres were compared, as were the midline (M) sites to the hemispheric mean (L/R). As all these contrasts were planned, and there were no more of them than the degrees of freedom for effect, no Bonferroni-type adjustment to α is required (Tabachnick and Fidell, 2012) . For all analyses p b 0.05 was treated as statistically significant. All F tests were reported with (1, 46) degrees of freedom.
Pearson's partial correlations tested bivariate relationships between brain volume (bilateral amygdalae, hippocampi, and thalami), SCL, alpha power; and each of the empathy measures for the whole sample, and separately for each group (TBI, Control). Correlations between age and years and education with the brain volume and arousal measures were also initially assessed, neither correlated with any of the variables examined. p-Values for correlations were corrected for false discovery rate. This procedure avoids the inflated rate of false negatives arising from Bonferroni adjustments while still controlling for false positives (Benjamini and Hochberg, 1995; Glickman et al., 2014) . Significant correlations found in the whole sample were tested for between group differences with the Fisher r-to-z transformation.
Results
Group differences on self-report empathic measures
The TBI group reported significantly lower emotional empathy on the BEES compared to Controls, but no differences were shown for the Empathic Concern (ECS) or Personal Distress (PD) subscales (see Table 1 for the associated statistics). The BEES was positively correlated with the ECS (p b 0.001) but not the PD subscale (p = 0.08), and a nonsignificant negative correlation was found between the ECS and PDS.
Group differences in brain volume
As can be seen in Table 1 , compared to Controls, the TBI participants showed significant volume reductions in most of the brain structures of interest, with the exception of the left amygdala (p = 0.12). Fig. 2 illustrates 3D reconstructions of the bilateral amygdalae, hippocampi, and thalami showing volume reductions in the TBI group relative to Controls. As can be seen, atrophy in the TBI group was substantial with reductions of 11.3 and 11.9% in left-hemisphere structures (left thalamus and left hippocampus, respectively) and reductions ranging from 9.3% (right hippocampus) to 17.8% (right amygdala) in the righthemisphere. 
Group differences in SCL
An independent samples t-test revealed a significantly lower SCL for the TBI group compared to controls; the corresponding statistics are presented in Table 1 .
Group differences in alpha power
The topographic distribution of power in the alpha band for the TBI and Control groups, and their difference (TBI-CTL) can be seen in Fig. 3 . In both groups, alpha power was elevated in both the parietal ( Vectors show the direction of shape change from controls to TBI. The right panels show the mean grey matter volume differences (± standard errors, SEM) between TBI and Control participants. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 3 . Topographic distribution of mean alpha power for control participants (top), TBI participants (centre), the difference between groups (bottom).
Correlations between brain volume and arousal
A summary of significant correlations is shown in Table 2 . The differences between the correlation coefficients found for each group are also included. A positive z-score indicates that the correlation coefficient was larger for the Control compared to the TBI group, and a negative score reflects a larger coefficient for the TBI group.
Across the whole sample significant positive correlations were found between the right amygdala and bilateral thalami volumes with SCL, and significant inverse relationships were found for each brain structure examined with alpha power. For bilateral amygdalae and thalami, correlations with alpha power were confined to the left central electrode (C3). The hippocampi also showed negative correlations across central brain regions (C3, Cz, C4). While the majority of coefficients were larger for the TBI group, none differed significantly to controls.
Correlations between brain volume and empathy
Whole group significant correlations and between group zscores, between brain volume and the empathy measures are shown in Table 3 . Left and right amygdala were inversely correlated with the PDS, while the left amygdala and right hippocampus were positively correlated with ECS. Additionally the right hippocampus was also positively correlated with the BEES. While the majority of z-scores were larger for TBI participants, the only significant differences to emerge were between the bilateral amygdalae and the PDS. As can be seen in Fig. 4 , a strong correlation between measures was found for control participants, but no relationship was evident in participants with TBI.
Discussion
The primary aim of the current study was to examine the degree of correspondence between measures of atrophy in pertinent brain regions in individuals with severe traumatic brain injury and physiological arousal and self-reported empathy. Our first and second hypotheses were confirmed. Compared with controls, participants with TBI self-reported lower empathy, had significant amygdala (right only), thalamic and hippocampal loss and showed blunted resting arousal, reflected in lower SCL and alpha power. Like our previous research (Fisher et al., 2015; Rushby et al., 2013a Rushby et al., , 2013b focal alpha magnitude differences were found, such that people with TBI displayed reduced alpha power (hypoarousal) in midline brain regions, and elevated power (hyperarousal) in outer hemisphere regions.
We predicted that a relationship would emerge between bilateral amygdalae and thalami volumes with the arousal variables, but no such relationship would be found for the hippocampus. This hypothesis was partially supported, such that a positive relationship emerged between amygdalae and thalami volumes with SCL, and a negative relationship was found between these structures and alpha power, which was localised to the left hemisphere central electrode (C3). These effects indicate that volume loss is associated with lower SCL and higher alpha power. Barry and colleagues have previously demonstrated that EEG systematically varies under low stimulation (e.g. when eyes are closed SCL is low and alpha is high) versus greater stimulation (e.g. when eyes are open SCL is high and alpha is suppressed), and that the degree of change is functionally relevant (Barry et al., 2005 (Barry et al., , 2007 (Barry et al., , 2008 . The functional significance of this inverse relationship was apparent in our previous study (Fisher et al., 2015) , which showed that elevated alpha power in the hemisphere regions was associated with reduced alpha suppression when viewing emotional facial expressions in TBI participants. The magnitude of alpha suppression correlated positively with right amygdala volume (and left insula) in that study, but only for control participants. This suggests that hyper-arousal in the hemispheres leads to reduced alpha responsivity to task demands, and these effects were independently mediated by amygdala volume. In the current study, significant relationships were found for the whole sample, and though correlation coefficients were larger in TBI participants, none differed significantly to the control group. Further research examining the relationship between physiological resting states and physiological/behavioural responsivity to task demands, may further delineate the mechanisms that underlie arousal dysregulation in people following TBI.
In contrast to expectations an inverse correlation between alpha power and the bilateral hippocampi was also found, and this was evident for both left and right central electrode sites, as well as the mean over central regions, but no association was found between hippocampal volumes and SCL. Although the key mechanisms of EEG generation are not fully understood, primary EEG oscillations appear to be dependent on interactions between the cortex and the thalamus, along with inhibitory contributions from the hippocampus. These interactions are reflected in rapid brain changes between slow wave (delta, theta) and fast wave (alpha, beta) activity, in response to sensory input (Larson et al., 1998; Steriade, 2006) . The correlations found in the current study may reflect the importance of hippocampal volumes in supporting alpha responsivity, but the lack of association with SCL suggests that, as hypothesised, volume of this structure is not as directly involved in the regulation of arousal.
Although our group with TBI did report lower affective empathy than the control group, this was limited to the BEES. This reduction in self-reported empathy is likely to be valid. Numerous studies have shown consistency in the prevalence of self-reported empathy deficits across groups of people with severe TBI. Furthermore, the ability of individuals with even severe TBI to accurately reflect upon emotional changes has been established empirically (Kinsella et al., 1988) . Despite differences on the BEES the group with TBI did not differ from controls for the IRI affective empathy subscales. This pattern may suggest that the BEES is more sensitive to the presence of TBI than is the IRI. Certainly, the BEES has been found to Table 2 Summary of significant correlations across the whole sample, and the between groups zscores.
Structure discriminate people with severe TBI from matched controls in several studies apart from this one (de Sousa et al., 2010 (de Sousa et al., , 2011 Williams and Wood, 2010; Wood and Williams, 2008) . Fewer studies have examined the IRI and, of those, at least one found no difference between people with severe TBI and controls on the IRI (Muller et al., 2010) while another found only marginal differences between groups on the IRI compared to the BEES (de Sousa et al., 2010) . Despite this, the BEES was positively correlated with the IRI empathic-concern subscale (ECS). The personal distress subscale, PDS was correlated to neither the BEES nor the ECS. It has been argued that some items on the PDS (e.g. "In emergency situations, I feel apprehensive and ill-at-ease") suggest it is less sensitive to empathy than it is to emotional regulation (Baron-Cohen and Wheelwright, 2004) and this may be a reason for its apparent lack of association with the other measures. We predicted that volume of all three structures (amygdala, thalamus and hippocampus) would correlate with affective empathy measures, albeit for different reasons. Again partial support was found. The amygdalae volume, a structure that is known to be critical in affective and autonomic responses, correlated with affective empathy as measured by the IRI and this relationship was positive for the ECS and negative for the PDS. Additionally, the hippocampus, a structure hypothesised to be critical in the cognitive appraisal of empathy (such as reflecting on one's empathic abilities) was also correlated. Specifically, hippocampal volume (right) was positively correlated with both the BEES and the ECS. This finding of a right lateralised contribution of the hippocampus is interesting in that it accords with results conducted in people with different dementia diagnoses, in which atrophy of the right temporal pole, right inferior frontal gyrus and right caudate nucleus (although interestingly not the amygdala) were all correlated with low scores on the ECS subscale of the IRI (Rankin et al., 2006) . Similar patterns of right temporal involvement have been reported in other cases of frontotemporal dementia (Perry et al., 2001) . The positive relationships between empathy and volume in the current study were found for both participants with TBI and the healthy control group. These findings suggest that lower volume in pertinent brain structures is associated with lower empathy, and this outcome is irrespective of a known brain injury.
While the majority of correlations indicated that increased empathy was associated with larger volume in specific structures, an inverse relationship was found for the PDS. In this case, lower scores were associated with increasing amygdalae volume bilaterally. Previous research has suggested that high scores for the PDS are associated with social dysfunction (Davis, 1983; Eisenberg and Fabes, 1990) . The current research indicates that higher personal distress is related to smaller volume, but only in healthy adults, i.e. as can be seen in Fig. 4 larger amygdale volume was associated with lower PDS score for the controls, but almost no effect was found for the TBI participants. Given the high rates of comorbidity in anxiety and depression in adults with severe TBI, especially in the chronic stages (Alway et al., 2016) , it may well be that the personal distress/emotion regulation subscale of the IRI is tapping into a variety of psychological adjustment issues in the TBI group that overlay individual differences in emotion regulation and/or empathy as measured by the PDS.
Our hypotheses were partly determined by a dual stream model of emotion perception (Phillips et al., 2003) . In partial agreement with expectations, volume of the ventral stream structures examined (amygdala and thalamus) were directly associated with the regulation of arousal, whereas hippocampus volume only reflected alpha magnitude, further supporting its role in the "regulatory" dorsal stream. In regards to relationships with self-reported empathy however, a role was shown for amygdala and hippocampus volumes, but not for the thalamus. It is possible that this lack of association reflects a specific role for the thalamus in empathic processes that is less readily captured in empathy self-report scales compared to functions mediated by the other structures examined. For example, while thalamic volume was associated with SCL (arousal) in this study, it also plays a central role in the on-line processing of incoming emotional sensory stimuli. Such processing may not be directly relevant to self-reported empathy, which taps into more general empathic experience.
It is important to emphasise that the dual streams are highly interactive and have reciprocal functional influences. Evidence of this reciprocity was found here, such that both amygdala and hippocampus volume were associated with affective empathy scores. Independence was also shown, such that only the amygdala showed an additional relationship with emotional-regulation. While the current findings are generally consistent with the interaction between autonomic arousal, empathy and dorsal and ventral structures as reviewed by Phillips et al. (2003) , they do not preclude a role for the involvement of other structures of the limbic system (Carr et al., 2003) . The current study focused on three key limbic structures that had a hypothesised role in both empathy and arousal. Other brain regions, including noted above (right temporal pole, right inferior frontal gyrus and right caudate nucleus, Rankin et al., 2006) , have also been shown to mediate self-reported empathy. Damage to these structures are also likely amongst the TBI group examined here, and future examination of these pathways may untangle some of the anomalous findings noted in the current study. The current study was also limited by the MRI scan sequence. We collected two T1 sequences, primarily in order to increase the signal to noise ratio and the grey matter-white matter contrasts. However, focal lesions/abnormalities have the potential to distort automated segmentation. Future studies might consider collecting more detailed sequences such as susceptibility-weighted imaging (SWI) or fluid-attenuated inversion recovery (FLAIR), as these have been shown to be more sensitive in detecting abnormalities and larger size of lesions compared with other conventional sequences (Wilde et al., 2015) .
In conclusion, the present study has provided new insights into empathic processes after TBI and their relationship to brain volume loss. Arousal and associated responsivity to emotional situations is an integral facet of empathy and are thought to be mediated by ventral structures such as the amygdalae and thalami. Other structures such as the hippocampi play a role in cognitive processing of affective experience. Our participants with TBI had reduced volume in bilateral hippocampi and thalamus as well as the right amygdala. Moreover, direct relationships between brain volume and arousal measures were found in the adults with TBI as well as normal healthy adults, suggesting a robust relationship. Lower self-reported affective empathy was also related to lower (left) amygdala and (right) hippocampal volume across groups, only deviating for the PDS scale, which appears not to reflect affective empathy per se. This pattern conforms to our expectation that an interactive system entailing both dorsal and medial structures supports different facets of empathic processing. Further it suggests that TBI can interfere with these systems in variable ways resulting in complex disorders of empathic processes.
